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Abstract Emerging infectious diseases have caused a 
global effort for development of fast and accurate detection 
techniques. The rapidly mutating nature of viruses presents 
a major difficulty, highlighting the need for specific 
detection of genetically diverse strains. One such infectious 
agent is SARS-associated coronavirus (SARS-CoV), which 
emerged in 2003. This study aimed to develop a real-time 
RT-PCR detection assay specific for SARS-CoV, taking 
into account its intrinsic polymorphic nature due to genetic 
drift and recombination and the possibility of continuous 
and multiple introductions of genetically non-identical 
strains into the human population, by using mismatch-tol¬ 
erant molecular beacons designed to specifically detect the 
SARS-CoV S, E, M and N genes. These were applied in 
simple, reproducible duplex and multiplex real-time PCR 
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assays on 25 post-mortem samples and constructed RNA 
controls, and they demonstrated high target detection 
ability and specificity. This assay can readily be adapted 
for detection of other emerging and rapidly mutating 
pathogens. 

Introduction 

Emerging viruses with a high rate of genetic drift cause 
setbacks in the global scientific effort to develop fast and 
accurate diagnostic detection methods. A novel virus, 
SARS-associated coronavirus (SARS-CoV), which spread 
throughout the world in 2003, was quickly characterised 
[13, 21] and linked to severe acute respiratory syndrome 
(SARS) [2, 11, 15]. Human coronaviruses are confined 
mainly to the upper respiratory tract, causing simple ill¬ 
nesses, whereas in animals, they have been associated with 
severe diseases [16]. There is still an ongoing possibility of 
SARS-CoV re-emergence, since evidence suggests that it 
arose from an animal coronavirus [5, 25]. Poor clinical 
definition and lack of known prevention methods and 
treatments [10, 22] mean that early diagnosis is crucial. 
There has been a huge effort to develop diagnostics [1,9, 
12, 17, 18, 26, 27], nevertheless, molecular detection tests 
suffer from speed and sensitivity limitations and are not 
standardised [14, 22]. Accurate and prompt detection of the 
virus is, therefore, a priority. 

Current molecular assays fail to consider the intrinsi¬ 
cally polymorphic nature of coronaviruses, as seen in the 
pathogenic SARS-CoV Tor2 and Urbani strains, and the 
possibility of continuous introductions of genetically non¬ 
identical strains into human populations. This study aimed 
to develop a real-time RT-PCR assay using mismatch-tol¬ 
erant molecular beacons [6, 7, 24] to detect SARS-CoV 
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and to distinguish between pathogenic and non-pathogenic 
strains. The assay incorporates four beacons, targeting the 
S , E , M and N genes in addition to an internal positive 
control (IPC), and it was validated using clinical samples. 

Materials and methods 

Molecular beacon and primer design 

Primers and molecular beacons were designed de novo for 
this study (Table 1). Small regions (95-107 nucleotides 
long) of the SARS-CoV S , E , M and N genes were targeted 
for detection (Fig. 1). The oligonucleotide design was 
based on multiple alignments of sequences of these genes 
available in the GenBank database (http://www.ncbi.nlm. 
nih.gov/Genbank) and thermodynamic compatibility. 
Careful choice of beacons and primers by use of the Inte¬ 
grated DNA Technologies (http://eu.idtdna.com) dimeri- 
sation tool ensured the avoidance of potentially hazardous 
primer-primer or molecular beacon-primer dimerisation 
and the thermodynamic compatibility of the beacons with 
their application in a five-amplicon multiplex assay. The 
molecular beacons, target oligonucleotides and primers 
were synthesised at MWG-Biotech AG Ltd (Ebersberg, 
Germany). To facilitate formation of stem structures, the 
ends of each molecular beacon were designed to have a 
high GC content and to be complementary to each other. 
All beacons were labelled with DABCYL, (4 / -(4 / -dimeth- 
ylaminophenylazo) benzoic acid) at the 3’ end and TET 
(tetrachloro-b'-carbofluorescein) at the 5’ end, except 
MBIPC, the IPC beacon, which was labelled with FAM 
(fluorescein). To form the loop element, each beacon was 
designed to contain a 24-26-nucleotide-long probe 
sequence complementary to part of the gene fragment to be 
amplified. The beacons were designed to form long, stable 
hybrids, giving them the ability to be mismatch-tolerant, 
meaning that the beacons can still detect their target 
amplicons despite any polymorphic substitutions arising as 
a consequence of genetic drift of the virus or viral 
recombination. The GC content of the beacon was kept 
high to ensure that, under the PCR cycling conditions, the 
molecular beacon would remain in a closed conformation 
in the absence of its target. In order to identify the best 
target sequences within each viral gene that would dis¬ 
criminate the SARS-Urbani and SARS-Tor2 strains from 
other non-pathogenic human and animal coronavirus 
strains, multiple sequence alignments of available corona- 
virus gene sequences deposited in GenBank were carried 
out (Fig. 2). DNA sequences of SARS-CoV genes of 
SARS-Urbani (GenBank accession number AY278741) 
and SARS-Tor2 (AY274119) were compared with those 
from reference viruses representing each species in the 


three known groups of coronaviruses. Reference sequences 
from group 1 (Gl) included human coronavirus 229E 
(HCoV-229E), AF304460; porcine epidemic diarrhea virus 
(PEDV), AF353511; transmissible gastroenteritis virus 
(TGEV), AJ271965; canine coronavirus (CCoV), D13096; 
feline coronavirus (FCoV), AY204704; porcine respiratory 
coronavirus (PRCoV), Z24675. Those from group 2 (G2) 
were bovine coronavirus (BCoV), AF220295; murine 
hepatitis virus (MHV), AF201929; human coronavirus 
OC43 (HCoV-OC43), M76373; porcine hemagglutinating 
encephalomyelitis virus (HEV), AY078417; rat coronavi¬ 
rus (RtCoV), AF207551; and the references virus for group 
3 (G3) was infectious bronchitis virus (IBV), M95169. 
Sequence alignments were performed with ClustalW [23] 
to identify genomic regions with the highest genetic dis¬ 
tance between SARS-CoV and other coronavirus strains, 
with special emphasis on probe-target sequences that 
encompass gaps or deletions in the SARS-CoV genome. 
Like the probe sequences, primer selection was also based 
on the ability for amplification of the SARS-CoV targets 
that would form primer-target and probe-target hybrids 
with a theoretical melting temperature that would maxi¬ 
mize the ability of the primer to bind to the target even if 
nucleotide substitutions are present to achieve mismatch 
tolerance. Finally, primer sequences were selected that 
enable the amplicons formed to be approximately the same 
length, about 100 nucleotides. 

Internal positive control 

A synthetic oligonucleotide was designed to be amplified by 
the forward S gene and reverse E gene primers (Table 1) and 
used as an internal positive control (IPC) during 
amplification. 

Thermal profiles of molecular beacons 

The thermodynamic characteristics of the molecular 
beacons were assessed by melting curve analyses per¬ 
formed in a 7700 Prism Spectrofluorometric Thermal 
Cycler (Applied Biosystems, Foster City, CA, USA) and 
validated using the 7900 HT Fast Real-Time PCR Sys¬ 
tem (Applied Biosystems). Different concentrations of 
beacons were used to find one at which fluorescence was 
neither too low nor saturating. The 25-pi reaction con¬ 
sisted of IX Platinum ® PCR Supermix (Invitrogen), 
1 pi of the beacon in various concentrations, with or 
without 100 pmol of a single-stranded complementary 
target. The cycling parameters were as follows: 2 min at 
95°C, followed by 50 cycles of data collection for 30 s 
and a second step for 10 s, starting at 80°C and 
decreasing by 1°C per cycle. Fluorescence was measured 
at 490 nm and recorded at each cycle. 
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Table 1 Oligonucleotide PCR primers, target amplicons and molecular beacons used in the real-time PCR assay 


Real-time RT-PCR for SARS-CoV 


673 


g 

o 

• 

C/D 

C/D 

CD 

O 

O 

< 


u 

<D 

-G 


=3 

G 


O S 

CD 


















G3 -G 


















6% 

no 


103 


0- 


wo 


WO 

wo 

0- 

wo 

OO 





< 3 

CGn 


OV 


o 

H 


Ov 


OV 

C3V 

o 

H 

CGn 

OV 






VO 

no 

VO 

r- 

vn 

H 

VO 

04 

wo 

r- 

H 

04 


0- 

OO 

r- 

CT\ 


CGn 

VO 

vn 

04 

VO 

no 

H 

Ov 

VO 

04 

wo 

CGn 


04 

OO 

04 

H - 


O 

H 

H 

04 

vn 

VO 

H- 

7t 

H 

04 

VO 

H" 


H 

H 

VO 

H - 


04 

04 

VO 

VO 

VO 

VO 

OO 

OO 

04 

VO 

VO 

OO 


04 

VO 

VO 

OO 

c 

04 

l 

04 

l 

04 

l 

04 

l 

04 

l 

04 

i 

04 

l 

04 

l 

04 

l 

04 

1 

04 

1 

04 

1 


04 

l 

04 

l 

04 

l 

04 

l 

o 

• rH 

1 

T—H 

OV 

CO 

OO 

no 

1 

^H 

OO 

H - 

1 

T—H 

CO 

wo 

OO 



CO 

CO 

CO 

Q—» 

• rH 

0- 

CO 

CO 

o 

H - 

CO 

Ov 

0- 

0- 

CO 

Hh 

Ov 

< 

o 

VO 

OV 

04 

C/D 

o 

H 

H 

04 

vn 

VO 

CO 

H- 

o 

H 

wo 

CO 

H 

H 

wo 

H - 

O 

04 

04 

VO 

VO 

VO 

VO 

OO 

OO 

04 

VO 

VO 

OO 


04 

VO 

VO 

oo 

pd 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

z 

04 

04 

04 

04 


(D 


CD 


G 


CD 


G 


cr 


<D 


00 


■H 


(D 


on 

<D 

S-H 

G 

G 

<D 

H 

on 


G 

O 

• rH 

0—> 
S3 
C 

• rH 

C/D 

<D 

Q 


C3v 

OV 

COn 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

cr 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

y—i 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H" 

7j- 

H- 

H- 

H - 

H- 

7f 

H - 

H- 

H - 

H - 

H - 

H" 

H- 

H - 

H- 

0- 

r- 

r- 

O' 

O' 

O' 

O' 

O' 

0' 

O' 

O' 

O' 

O' 

O' 

O' 

0' 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 / 

>H < 

04 

04 

04 

04 

H 



H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 


<<<<<<<< 


< < < < 


C/3 

Sh 

<D 


u 

u 

< 

< 

u 

H 

< 

H 

U 

O 

O 

O 

< 

< 

H 

< 

H 

H 

H 

O 

H 

< 

H 

U 

H 

U 


U 

H 

H 

H O 
O < 
O H 
< < 
H < 

< h 

< b 

< o 

< u 

< < 
OQ H 

H O 

o o 
< < 

< g 
u ^ 

o < 

o < 

< g 
o < 

< < 
< 9 

u o 
u u 


^ o 

n H 

y H 

O u 
g H 

H U 

< o 

O o 

O H 

< y 

< H 
H U 

o g 

< h 
o C 

y o 

g h 

< u 


H 

H 

U 


U 
H 

< U P 

< < 

u o 

O H n 

u o 2 
H O iS 

< H < 

cog 
g o 
O H g 
H O < 
U < 
H O 
-HO 
U O O 

O C c 

C O H 

coo 
o c o 


H 

c 

o 


Co 


Co QQ Eaq § § c Z 




$—i 

Gh o~ 

C* 3 

U 04 

Ph 


WO CO 
VO CO 

r-H r-H 

(N VO 
04 (N 


o~ wo 
04 -C 
04 WO 
VO VO 
04 04 


— OO 04 

wo cr cr 

VO CO H" 
VO OO OO 
04 04 04 


H 

U 

H 

H 

U 

U 

c 

H 

U 

H 

c 

o 

H 

O 

U 

H 

H 

O 


O 

O 

H 

H 

U 

H 


< O 
H 

< G 

o o 

< < 

H c 


C 

H 

U 

O 

c 


H 

H 

H 

H 

H 


< < 
U H 
H U 

< g 

H ^ 

O c 
o c 
o o 

O H 

H ^ 
H u 


H 

H 

O 

H 

c 

H 


c 

c 

H 

H 

H 

H 


b g 

H O 
U 


o 

u 

H 

H 

H 

U 

O 

H 

H 

U 

H 

H 

H H 

GS 

H O 
H U 
O O 
C H 
H U 
O C 
U H 
O H 
C U 
h g 
C H 

< < 
H 

h y 

o o 

< < 
H H 

c o 
c < 
h y 
H C 
O U 

< g 

H C 
O H 
O U 

< g 

< H 

P < 

c o 
o o 

O H 

u 


g o 
h h 
y h 
P u 


H 

H 

U 

O 

H 

O 

H 

H 

H 

H 


O 

O 

H 

C 

C 

u 

o 

H 

H 


O < 
H O 
H O 
O O 
O H 
H H 
H C 
u c3 
c o 
P o 

c o 

H o 

P H 

U c 

O H 

o o 

H O 

g O 
H H 
H H 
U c 

u < 

g c 
h c 
g o 

o < 

u p 

H 2 
H H 

H g 
H H 
O O 
H H 
H U 
U 


C/3 

O ^ 
O 

* 

s 

c3 


(D 

on 

c3 

H 




U 

c 

H 

O 

O 

H 

c 

o 

c 

u 

U o 

u u 

p < 

p H 
c u 

o u 

H U 
o H 
O H 

< g 

o ^ 

c ^ 

< fc 

< u 
g o 
H c 

c 
o 
c 
u 
o 
u 


c 

c 

c 

c 

u 

o 


P o 
P o 

C f-H 

g o 

P c 
P o 
o P 


o 

H 

o 

o 

H 

H 

o 

c 


c 

H 

o 

u 

c 

H 

H 

c 

H 


o 

c 

u 

u 

u 

u 

o 

< H 
U H 

c o 

H O 
U O 
H O 
O H 
H U 
O C 
O H 
H H 
O O 
O U 
H H 
C < 

o u 

c u 

H O 

c c 

H H 

u P 

< P 
c < 
u u 

H H 
C O 
H C 
U H 

o u 
o o 
o H 

H 
U 
H 
H 
C 
H 
O 


c 

c 

H 

c 

H 

H 

H 


o b 

P H 
C H 


c p 

H g 

H < 
U 


c 

z 


c c c c z 


c 

z 


00 

PQ 

s 

Z 


CD 

<D 

CD 

<D 


G 

G 

G 

G 

U 

<D 

<D 

CD 

<D 

Pp 

tn 

tn 

tn 

tn 

l-H 

H 

H 

H 

H 

H 


c 

J o 

C PQ 

u c 

PQ Q 


c 

q 

o 

o 

o 

H 

o 

u 


o 

o 

c 

o 

o 

u 

u 

o 


H-l 

c 

, u 

d h w 

C H < 

U Q 
CQ 

c 

q 

6 
o 
c 
o 
o 
u 

H 


U 

PQ 

c 

9 

6 

o 

c 

o 

o 

u 

u 


o 

o 

o 

o 

H 

o 

u 

u 

o 

c 


c P P < y 

c p y h c 

H p p H U 

c < p g o 

c o C PC 
o < o p 
o < < S o 

C H ^ H 

H ^ g g O 

^ % g § 8 

< < < S 

o O 6 ° 

2 5 £ 

< < < . 

< < < c w 
P O U u c 

< u u u S 

H < p < o 


o 

H 

H g 

U c 

H u 

U 


o 
u 
c 
o 
u 
u 

H H 
W W 
H H 


U 

c 

o 

o 

u 

o 


H H C 
PQ PQ C 
H H Ph 


O 

O 

O 

U 

U 

U 

U 

U 

U 

H 

H 

H 

U 

U 

U 

U 

U 

O 


o 

C/3 

C 

o 

O 

c3 

<D 

-O 

5 h 

C3 

3 

O 

<D 

3 

s 


co PQ ^ 


CO PQ 
<D <D 
C C 

CD CD 


c 

c z 


CD 

C/3 

CD 

> 

CD 

»S 

T3 

c3 


.o 


pp 

C/3 

<D 

C/3 

CD 

-C 

■ 4 —> 

fi 

<D 

in 

03 

Oh 


T3 

O 

c3 

C/3 

3 

'Ph 

CD 

-HJ 

c3 


T3 

(D 

O 


CD 

-O 

O 

tH 

o 

o 

CD 

03 

CD 

-O 

S-H 

c3 

3 

O 

CD 


O c 3 

S 3h 

x 

CD 

C/3 

c3 


CD 

-G 


C/3 

CD 

CD 

G 

CD 

G 

cr 

CD 

C/3 

G 

o 


T3 
CD 

■4—> 

c3 
CD 

• i-H 

73 
G 

• 

C/D ^ 

CD 

S-h ^3 

<D - 


G 

on 

o 

CD 

CD 

^H 

■4—4 

CD 

on 

u 

cO 


CD 

O 

G 

CD 

G 

cr 

CD 

C/3 

■4—4 

<D 

on 

^H 

G 

■4—4 

<D 

-G 


C/3 

<D 

C/3 

G 

-G 

G 

■4—4 

G 

CD 


a VU/ 

O g 

. ^ J_4 ^ 


u- 

Gh 

U 

Ph 

(D 

-G 


G 

O 

• ^H 
■H 

G 

■H 

G 

<D 

■Jh 

o 

CD 

_G 

H 


X 

CD 

■H 

CD 

-G 


S-H 

G 

CD 

G 

X 

CD 

-G 

■H 

C/3 

G 

<D 

S-H 

G 

C/3 

(D 

a 

G 

G 


73 

G 

O 

Gh 

C/3 

<D 

b 

O 

CD 

C/3 

G 

O 


CD 


O 

CD 


CD 

N 


C/3 

o 

Gh 

CD 

_G 


C/3 

G 

O 

CD 

G 

(D 

42 

S-H 

G 

3 

CD 

CD 


CD 

C/3 

G 

CD 

CD 

_G 


C/3 

<D 

CD 

G 

<D 

G 

cr 

<D 

C/3 


G 
O 

CD 44 


G 

CD 

42 

J3 

3 

CD 

CD 

3 

a 

73 

G 

G 

<D 

73 

• 

4—> 

O 

3 

G 

G 

o 

on 


a 


G 

G 

PQ 

G 

CD 

o 


hG 

-G 

4—> 

C/D 

C/D 

o3 

C/D 

C/D 

0-) 

C/D 

C/D 

O 

Oh 

O 

C/D 

*c3 

C/D 

a 

G 

O 

CD 

G 

CD 

i-G 

Hh 

3 

3 

o 

3 

a 

<D 

-G 

■h 

<D 

Sh 

<D 

-G 

£ 


(D 

■h 

G 


73 

G 

G 


z 

<D 
G 
<D 

on 

PQ 

as 

o 

Sh 
Gh 
Gh 

® S 

I s 

^ CD 

o on 

■S ffl 

G 
O 
CD 

C/3 

(D 

fc! 
o 

CD 

C/3 


<D 

G 

CD 

G 

u 

S-H 

Gh 

G 

O 

+j 

G 

G 

C/3 

<D 

tn 

PQ 

CD 

tn 

PQ 

< 

l-H 

PQ 

P4 

u 

• 

Q-H 
• rH 

C/3 

O 

• rH 

■H 

cn 

CD 

73 

O 

-G 

S 

s 

s 

Ph 

Ph 

CD 

X 

H—l 

CD 




a 

G) 

CD 

a 


O 

N 

G 

X 

G 

CD 

-G 

CD 

O 

G 

• rH 

a 

G 

X 

_G 

■H 

<D 


G 

5 -2 

<H c^ 

3 G 
G ^ 

IZ3 .rH 

g n 
o 1 


3 

H 

U 

PQ 

< 

Q 


CD 

CD 

C/3 

CD 

^H 

o 

G 

qG 

O 

3 

G 

CD 

VO 

6 

Sh 

3 

CD 

G 

^H 

+j 

<D 


H 

PQ 

H 


CD 

CD 

C/3 

(D 

^H 

o 

G 

qG 


< 

Gh 

• rs 

G 

O 

CD 

G 

(D 

rO 

S-H 

G 

3 

CD 

CD 

3 

a 

CD 

rG 


CD 

+j 

C/3 

CD 

-G 


S-H 

O 


G 

— 

■H 

C/3 

<D 

CD 

G 

<D 

G 

cr 

<D 

C/3 

(D 

rG 

■H 

<D 

+j 

O 

G 

<D 

73 

c/3 

G 

O 

• rH 

on 

<D 

^H 

G .3 
G o 
GG g 

OD 

3 o 

3 N 
P G 
CD 

cj 42 


^ Springer 
















674 


A. V. Hadjinicolaou et al. 


c 


Gene Start Locations 


n\ 




ReplAB 


) 


3 mi 


(A) 


s jn[]| 




t 


(B) 


Gene End Locations 


^>7 








© 



(C) 


t 


t 


tt 




a 


■ G C ■ 

G C 

G C 

T A 

22071(F) c MBgeneS g 

5'-CTCTATGTTTATAAGGGCTATCAACC-3' ACATCAAGCACTAGATGGAAGACC 


ICTCTATGTTTATAAGGGCTATCAAC< 


^rATAGTpG 


■?s 




•s 


3(y r 


GTAGTTCGTGATCTACCTTCTGGlrTTTAACACTTlfcAAACCTATTTTTAAGTTGCCTCTTGGl 




'^7 



l 


3'-CTTTGGATAAAAATTCAACGGAGAACC-5' 

22165(R) 
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L 
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7 6V 


* e nrT 3 
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d-^8 , ^ A,'■'■&> 
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< 5 - 




<7 


a 


G C 

G C 

A T 

G C 

26133(F) c MBgeneE g 

5'-CGGAAGAAACAGGTACGTTAATAG-3' CGCATGAAGAAAAAGAACGAAAGCAC 


ICGGAAGAAACAGGTACGTTAATAC 


l 




7 3a 


^TTAATi^i 


■CGTACTTCTTTTTCTTGCTTTCGTajTATTCTTGCTAGTCACAClrAGCCATCCTTACTGCGCTT 


.C^A 





l. 


3' ATCGGTAGGAATGACGCGAA 5' 

26227(R) 


i 


7 8, 




l 


<9 




<?<? 


8 




O 


26545(F) 

5'-CTTGTTTTCCTCTGGCTCTTG 3' 


G C 

G C 

A T 

G C 

G C 

c MBgeneM g 

C GAC GACAGATGTC TTAATTAAC CCA 


[~ 




TTGTTTTCCTCTGGCTCTTaTGGCCAGTAACACTTGCTTGTTTTGTGCTIECTGCTGTCTACAGAATTAATTGGG' 




J H S 


l 

j6 6!< 


^GACTGGCGC^ 




1ATTGCGATTGCAATGGCTTG 


3 ' -CTAACGCTAACGTTACCGAAC- 5 ' 

26651(R) 


L 






l 


^6 




o 


■ G C 

G C 

A T 

G C 

28398(F) c MBgeneN a 

5'-ACGAGTTCGTGGTGGTGAC-3' TACTTTCTCGAGTCGGGGTCTACCAT 


IACGAGTTCGTGGTGGTGAt 


Jgcaa^ 


.TGAAAGAGCTCAGCCCCAGATGGTAETTCTATTACCTAGGAACTGGCCCMiAAGCTTCACTTCCCTACGl 


l 

% 





{ 


3'-CTTCGAAGTGAAGGGATGC-5' 

28492(R) 


<c? 


28492(R) 


He 


<<9 










<£) Springer 


































































Real-time RT-PCR for SARS-CoV 


675 


◄ Fig. 1 Assay design. Schematic representation of the SARS-associ- 
ated coronavirus (SARS-CoV) genome highlighting the main protein¬ 
encoding genes, which are also targeted in this assay (A), and 
magnified to indicate the start and end locations of these genes and 
the known open reading frames using nucleotide positions (B). 
Further magnification of the target genes (C) shows the amplicons of 
each of the four genes (S, E, M and N) incorporated in the assay. 
Target sequences of the amplicons are shown in boxes, whereas 
primers and molecular beacons are shown in bold. Numbers indicate 
the nucleotide positions of the start and end locations of the target 
amplicon that correspond to forward primer, probe and reverse 
primer, using the SARS-Tor2 strain (GenBank accession no. 
AY274119) 

RNA standards 

RNA transcripts corresponding to all targets were prepared 
by in vitro transcription using a MEGAscript T7 tran¬ 
scription kit (Ambion, Houston, TX) according to the 
manufacturer’s instructions. DNA templates were gener¬ 
ated by PCR using forward primers (Table 1) with the 
bacteriophage T7 RNA polymerase promoter recognition 
sequence (TAATACGACTCACTATAGG) incorporated at 
their 5’ end and reverse primers integrating the gene-spe¬ 
cific reverse transcriptase primer-binding site at their 3’ 
end (22165-RT, 5 ’ - AGGCTGT A AGAA CC A AGAGGC 
AACTTAAAAATAGGTTTC-3’; 26227-RT, 5’- TATTG- 
C AGC AGTAC A AGCGC AGTA AGGATGGCTA-3 ’; 

26651-RT, 5 ’ - A AGC A ACGA AGT AG C A AGCC ATTGC A 
ATCGCAATC-3 ’; or 28492-RT, 5 ’ - GCCTTCTTTGTT 
AGCGTAG GGAAGTGAAGCTTC-3 ’; the gene-specific 
reverse transcriptase binding sites are underlined). 

The PCR reaction contained IX PCR buffer (QIAGEN, 
Mississauga, Canada), 0.5 mmol/L dNTPs (Gibco BRL), 
0.4 pmol/L of each primer and 2.5 U of HotStarTdg DNA 
polymerase (QIAGEN). The amplification conditions were 
as follows: 95°C for 15 min, 40 cycles of 94°C for 30 s, 55°C 
for 30 s and 72°C for 80 s, followed by 72°C for 5 min. The 
eluted RNA transcripts were purified and measured with a 
UV spectrophotometer (NanoDrop Technologies, USA). 

Clinical samples 

The samples included in this study were collected from 
patients who met the CDC/WHO case definition of prob¬ 
able SARS in Toronto, Canada, in 2003. Fifty post-mortem 
tissue samples (Table 2) were collected from 17 patients 
who died of probable SARS. Twenty-one post-mortem and 
two pre-mortem tissue samples from eight individuals who 
died from causes other than SARS during the outbreak 
were included as controls. Samples collected at the time of 
autopsy were snap-frozen in ethanol and dry ice and stored 
at —70°C. Samples were coded and processed indepen¬ 
dently. This study was approved by the research ethics 
boards of the Mount Sinai Hospital and the University 


Health Network, Toronto, and the Chief Coroner’s Office 
of Ontario, Canada. 

For RT-PCR preparation, 30 mg of each sample was 
thawed and homogenized in 600 pi RLT lysis buffer 
(QIAGEN) using disposable tissue grinders (Kendall Pre¬ 
cision™, Mansfield, USA). The homogenate was passed 
through QIAshredder columns (QIAGEN) prior to RNA 
isolation using an RNeasy Mini Kit (QIAGEN). 

Reverse transcription and real-time RT-PCR 

Samples were analysed in duplicate in duplex and multi¬ 
plex RT-PCR reactions. For reverse transcription, 2 pi of 
RNA served as a template in a reaction with 20 pmol IPC 
RT primer (E-RT; 5 ’ -TATTGC AGC AGT AC-3 ’) and 
20 pmol of one of the other RT primers (S-RT; 5’-AG¬ 
GCTGT A AG A A-3’, E-RT, M-RT; 5 ’ - A AGC A ACGA A 
GTAG-3’ or N-RT; 5’-GCCTTCTTTGTTAG-3’; the same 
RT primer, E-RT, was used for both gene E and IPC), using 
an Omniscript Reverse Transcription Kit (Qiagen, Hilden, 
Germany). Reactions were incubated at 37°C for 60 min 
followed by inactivation at 95°C for 5 min. 

Real-time RT-PCR was carried out on a LightCycler 
real-time PCR platform (Roche Diagnostics, Laval, Can¬ 
ada) using a Platinum® Taq Polymerase PCR Kit (Invit- 
rogen). Each 20-pl reaction contained 2 pi template cDNA, 
10 pmol each of the beacon, the MB IPC and the primers, 
87.5 pmol MgCl 2 and IX PCR buffer. Cycling conditions 
were 95°C for 30 s, 40 cycles of 95°C for 20 s, 45°C for 20 s 
(data collection) and 72°C for 20 s. Non-template controls 
were also run. In the multiplex protocol, the same cycling 
conditions and reagents were applied, and the beacons and 
primers (Table 1) of all four SARS-CoV genes (10 pmol 
each) were added in each reaction. 

A similar analysis was performed on the synthetic RNA 
standards. Reverse transcription was carried out as descri¬ 
bed above. Duplex real-time RT-PCR was carried out using 
a 7700 Prism spectrofluorometric thermal cycler (Applied 
Biosystems) and confirmed on a 7900 HT Fast Real-Time 
PCR System (Applied Biosystems). Each 25-pl duplex 
PCR reaction contained 5 pi cDNA, IX Platinum® Quan¬ 
titative Supermix-UDG (Invitrogen), 10 pmol MB IPC, 
10 pmol molecular beacon (Table 1) and 20 pmol each of 
the target and IPC primers (Table 1). Initial denaturation 
was carried out at 95°C for 10 min, followed by 50 cycles at 
95°C for 15 s, 45°C for 30 s (data collection step) and 72°C 
for 30 s. 

Statistical evaluation of the real-time PCR assay 

To evaluate the specificity and target detection ability of 
the assay, 95% confidence intervals were calculated using a 
Wilson score interval. 
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Gene 5 


Gene E 


Gen eM 


Gene N 


SARS -Tor2 
SARS-Urbani 

CcoV 

FcoV 

TGE 

PRCoV 

HCOV0C43 

PEDV 

BcoV 

HEV 

MHV 

RtCoV 

IBV 


-actgcactggctatgcaaccaatgtgtttgctccgacatcaggtggttatatacctgaIgg. 


22068 

TTTCTCTATG-TTTATAAGGGCTAT-CAACCTATI 

TTTCTCTATG-TTTATAAGGGCTAT-CAACCTATI 

AT- 

AC—ATTGCACTGGCTATGCTACCAATGTATTTGCTCCGACATCAI 
TC—AATGTGCTAGTTATGTGGCTAATGTTTTTACTACACAGCCAI 
TC—AATGTGCTAGTTATGTGGCTAATGTTTTTACTATACTACCAl 
AC-GGCTGTGTTGGTTATTCAGAAAATGTATTTGCTGTTGAGAGT' 
GCTAATTGCACTGGTTACGCTGCCAATGTATTTGCCACTGATTCCAATGG 
ACTTTTTATGCATATTTTACAGACACTGGTGTTGTTACTAAGTTTCTGTT 
ACTTTTTATGCATACTTTACAGATACTGGTTTTGTGACCAAGTTTCTGTT 
ACTTTTTATGCGTATTATGCGGATGTTTCTTCTGCTACTACGTTTTTGTT 
ACTTTTTATGCGTATTATGCAGATGTTTCTTCTGCCACTACGTTTTTGTT 
CCTAGTGGTTGGCATTTACAAGGGGGTGCTTATGCGGTAGTTAACATTTC 


TGTAGTTCGTGATCTACCTTCTGGTTTT 

GTAGTTCGTGATCTACCTTCTGGTTT1 




CT- 

CT- 


TTGAAACCTATTTTTAAGTTGCCTCTT- 

TTGAAACCTATTTTTAAGTTGCCTCTT- 


TACATACCTG.? 
TTTATACCjATC 

Iataccatc 


GGATTTAGT 
jAGATTT TAGT 
CTTTATACCATCAGATTT TAGT 

g(ta1ataccct|cgactt tgcaI 
cca|ataccagaaggtttta|§t 

TAA*I]GTT8ATi|rTAGGBACGG' 
TAAGfrTGTAT[rTAGGgACTG' 
tagIat I at atIggtg ATG 1 
tagttcgtatatIggtgctgtb 
Haatgcai 


tagcgaattt. 


22168 

-GGTAT 

-GGTAT 

TTTAACAATTGGTTTATGCTTACAAACAGCTCCACTTTTGTTAGTGGCAGATT 
TAACAATTGGTTCTTGCTTACAAATAGTTCCACTTTTGTTAGTGGCAGGTT 
TAATAATTGGTTCCTTCTAACTAATAGCTCCACGTTGGTTAGTGGTAAATT 
'TAATAATTGGTTCCTCCTAACTAATAGCTCCACGTTGGTTAATGGTAAATT 
CAATAATTGGTTCCTTCTAACTAATACCTCATCTGTTGTAGATGGTGTTGT 
TAATAATTGGTTTCTTTTATCCAATGACTCCACTTTGTTGCATGGTAAAGT 
TTCApATTATTATGTCCTGCCTTTGACTTGTTCT- AGTGC 

gtcaIattattatgttatgccattgacttgtaat-AGCGC 

aacaIaatattttgtgttgccttatatgtgtactctcactacaacaggtgt 
|aaca|agtattttgtgttgccttatatgtgtagtcccactacctcaggtgt 

CTTCATCAGGGTGTACTGTTGGTATTATTCATGGTGGTCGTGTTGTTAATGC 


5'-CTCTATG- 


-TTTATAAGGGCTAT - 
22071(F) 


-CAACC-3 1 


-GTAGTTCGTGATCTACCTTCTGGTT- 

MBgeneS 


-CTTTGGATAAAAATTCAACGGAGAA- 
22165(R) 


-CC-5' 


26130 


26230 


SARS-Tor2 
SARS-Urbani 

CcoV 

FcoV 

TGE 

PRCoV 

HCO0C43 

PEDV 

BcoV 

MHV 

RtCoV 

IBV 


TTTCGGAAGAAACAGGTACGTTAATAGTTAATAGCGTACTTCTTTTTCTTGCTTTCGTGGTATT-CTTGCTAGTCACACTAGCCATCCTTACTGCGCTTCGA 

TTTCGGAAGAAACAGGTACGTTAATAGTTAATAGCGTACTTCTTTTTCTTGCTTTCGTGGTATT-CTTGCTAGTCACACTAGCCATCCTTACTGCGCTTCGA 

TGTCATAGATGACAA-TGGAATGGTCATTAGTATCATTTTCTGGTTCCIgTTGaIaaItATATT-GATATTATTTTCAATAGCATTGCTAAATATAATTAAG 


TATCATAGATGACCA-TGGCATGGTTGTTAGCGTCT 


TGTCATAGATGACAA-TGGAATGGTCATTAACATCATTTTCTGGTTCC 


TCTTCTGGCl 


TGTCATAGATGACAA-CGGAATGGTCATTAGCATCATTT' 
GCTAGTGGATGATCA-TGCTTTGGTTGTTAATGTACTAC' 
ATTAGTGAATGATAA-TGGTCTAGTAGTTAATGTTATACT'lTGGCl 


TTTTGCAGACACTGTGTGGTATGTGGGGCAA-ATAAlTT|TATA( 

CCTTACAGATACAGTATGGTATGTGGGGCAG-ATTATTTTTATAi 

ccttatagacacagtatggtacgtggggcag-attattttta|a( 
tcttctaggta--gagcacttcaagcatttgtaca| 


5'-CGGAAGAAACAGGTACGTTAATAG -3 1 
26133(F) 


■TGGfl|qC 

IctGg|gT 


GCTGCTGI 



TATATT- 

TATATT-GATATTGTTTTCAATAGCATTGCTAAATGTTATTAAA 

TATATT-GATATTACTTTCAATAGCATTGCTAAATATAATTAAG 

TATATT-GATATTACTTTCAATAGCATTGCTAAATATAATTAAG 

lAGTGAT-ACTACTAGTGTGTATTACAATAATTAAACTAATTAAG 

TTTCCT-GCTTATTATAAGCATTACCTTCGTCCAATTGGTTAAT 

IATTGGT-TATAATAGTTGTAGTGGCATTTTTGGCAACTTTTAAA 

[ATGGT-CACCATAATAGTGGTTGCCTTCCTTGCGTCTATCAAA 

[ATGGT-CACCATAATTGTGGTTGCCTTCCTTGCGTCTATTAAA 

|TAfTTTGGTATACATGGGTAGTAATTCCAGGAGCTAAGGGTACAGCCTTTGTA 

k k k k k k k 

GCGTACTTCTTTTTCTTGCTTTCGTG 3 ' -ATCGGTAGGAATGACGCGAA-5 ' 

MBgeneE 26227(R) 


ITGCCAT' 

’CGCA^T' 

’CGCAgT' 

|gCT§GTT' 


26542 


26654 


SARS-Tor2 

SARS-Urbani 

CcoV 

FCoV 

TGE 

PRCoV 

HCoVOC43 

PEDV 

BCoV 

HEV 

MHV 

RtCoV 

IBV 


AAGCTTGTTTTCCTCTGGCTCTTGTGGCCAGTAACACTTGCTTGTTTTGTGCTT 

AAGCTTGTTTTCCTCTGGCTCTTGTGGCCAGTAACACTTGCTTGTTTTGTGCTT 

AAAATGCTTATTATGTGGCTGTTATGGCCCATTGTTTTAGCTCTTACGATTTTT. 

AAAATGCTGATCATGTGGCTATTATGGCCTATTGTTCTAGCGCTTACGATTTTT. 


:tg- 


CTGTCTACAGAAT 

CTGTCTACAGAAT 


GCATACCT 1 
GCATACTfc 1 

AAAATGCTTATAATGTGGCTATTATGGCCCGTTGTTTTGGCTCTTACGATTTTTAAMGCATACTdGI 
AAAATGCTTATAATGTGGCTATTATGGCCGATTGTTTTGGCTCTTACGATTTTTAAgGCATACTCG 
AAGATGCTTGTACTGTGGCTTCTTTGGCCACTCGTACTTGCTTTGTCAATCTTTdACAC-CTGG 

aagatggctattctatggatactttggcctcttgtgttggcactgtcacttttt|acgcatggg|)T 

aagatgatcattttgtggcttatgtggccccttactatcatcttaactattttcaa|-TGC 

AAGATGGTTATTCTGTGGCTCATGTGGCCTCTTACTATAATTTTAACTATCTTCAAC-TGC 

AAAATGATACTTTTGTGGCTTATGTGGCCACTAACTATTGTTTTGTGTATTTTTAAC-TGC 

AAAATGATAATCTTGTGGTTAATGTGGCCACTGACTATTGTTTTGTGTATTTTTAAjg-TGC 

aaaatgatagtgttatggtgcttttggccccttaacattgcagtaggtgtaattt|a-tg| 



fCTAATTfgGGATTCTAAT': 

agcttIc agg|-C|AC tggc 

GTG'jiT — gcgttg^Baatc 
G iATAC- GCGTTG^BaATC 

gtctJt—gcgcta^Baatc 
gtgtat—gcgctaaat|aatc 

AC AT ACC CACCAHcACi 



GACTGGCGGGATTGCGATTGCAATGGCTTGTAT 

|gactggcgggattgcgattgcaatggcttgtat 

'AATGTTCGGCTTTAGTGTTGCAGGTGCAACTGT 

AATGTTCGGCTTTAGTGTTGCAGGTGCAGTTGT 

AATGTTCGGCTTTAGTATTGCAGGTGCAATTGT 

|aatgttcggctttagtattgcaggtgcaattgt 

CCTTTGTTGCATTTAGCTTTTTTATGGCCGTATC 

ICTTTTTCGCTTTCAGCATCCTTATGGCTTGCAT 

GTATCTTGGCTTTTCTATAGTTTTCACTATAGT 

jGTACCTTGGCTTCTCTATAGTTTTTACTATAGT 

GTATCTTGGATTTTCTATAGTGTTTACTATAGT 

GTATCTTGGATTTTCTATAGTGTTTACTATAGT 

1GAGGTCTTGTCGCAGCGATAATACTTACAGTGTT 


5'-CTTGTTTTCCTCTGGCTCTTG-3 ' 
26545(F) 


GCTG- 


-CTGTCTACAGAAT-TAATTGGGT 

MBgeneM 


-CTAACGCTAACGTTACCGAAC-5' 
26651(R) 


28395 


28495 


SARS-Tor2 

SARS-Urbani 

CcoV 

FCoV 

TGE 

PRCoV 

HCOV0C43 

PEDV 

BcoV 

HEV 

MHV 

RtCoV 

IBV 


CCG 

TCG 

TCG 

TCG 


-TTATCGCATGGTGAAGGGTCGACGT 
-TTATCGTATTGTAAAAGGCCAGCGT 
-CTATCGCATGGTGAAGGGCCAACGT 
- CTATCGCATGGTGAAGGGCCAACGT 



CCGACGAGTTCGTGGT-GGTGACGGCAAAATGAAAGAGCTCAGCCCCAGATGGTACTTCTATTACCTAGGAACTGGCCCAGAAGCTTCACTTCCCTACGGCG 

CCGACGAGTTCGTGGT-GGTGACGGCAAAATGAAAGAGCTCAGCCCCAGATGGTACTTCTATTACCTAGGAACTGGCCCAGAAGCTTCACTTCCCTACGGCG 

tHtcctgaaaagtggttcttctactatttaggaactggacctcatgctgatgccaaatttaagc 
IGGAACTCGCTGAGAGGTGGTTCTTTTACTTCTTAGGTACAGGACCTCATGCTGATGCTAAATTCAAAG 
agcItcctgaaaggtggttcttctactacttaggtactggacctcatgcagatgccaaatttaaag 
agc|tcctgaaaggtggttcttttactacttaggcactggacctcatgcagatgccaaatttaaag 

tttttattatcttggcacaggaccccataaagatgcaaaatttagag 

TTTCTACTACCTCGGAACAGGACCTCACGGCGACCTCCGTTATAGGA 


CAG-GTTTAAGCC AGGC AAAGGTGGAj§G. 


acg-tttcagaactagaaagggcaaacg|gtgBtt|gtcacccaagctIc 

tcg-ctggcgcatgcgccgtggtgagcga|ttHacaaccttccaattggc 

cagacgttcttttaaaacagccgatggcaacca|cgtcaaci|gctgccacgatggt/|tttttactatcttggaacaggaccgcatgccaaagaccagtatggca 
cagacgttcttttaaaacagccgacggcaatca|cgtcaactgctgccacgatggtJcttttactacctgggaacaggaccgcatgccaaagaccagtacggca 
CCGACGTTCTTTTAAAACACCTGATGGCCAGCAq^GCAGCTACTGCCCAGATGG t4tTTTTACTATCTTGGAACAGGGCCCCATGCTGGCGCAGAGTATGGCG 

ccgtcgttcttttaaaacacctgatgggcagca^bIgcP^c'iactccccagatggtiItttttactatcttgggacgggcccccatgctggagccagtttcggag 

Bcca^cccagatgct§g|t|cttttactatactggaacaggacctgccgctgacctgaactggggtg 


** ** ** ** 


5 ' -ACGAGTTCGTGGT-GGTGAC-3 ' 

28398(F) 


ATGAAAGAGCTCAGCCCCAGATGGTA 

MbgeneN 


3'-CTTCGAAGTGAAGGGATGC-5‘ 
28492(R) 


Fig. 2 Sequence alignments of the target genes. DNA sequence 
alignments of the gene regions targeted in the real-time PCR assay to 
compare SARS-CoV-specific genes from SARS-Tor2 and SARS- 
Urbani strains to those of other non-pathogenic human and animal 
reference strains representing each species in the three known groups 
of coronaviruses. Group 1 (Gl): human coronavirus 229E (HCoV- 
229E); porcine epidemic diarrhoea virus (PEDV); transmissible 
gastroenteritis virus (TGEV); canine coronavirus (CCoV); feline 
coronavirus (FCoV); porcine respiratory coronavirus (PRCoV). 
Group 2 (G2): bovine coronavirus (BCoV); murine hepatitis virus 
(MHV); human coronavirus OC43 (HCoV-OC43); porcine 


hemagglutinating encephalomyelitis virus (HEV); rat coronavirus 
(RtCoV). Group 3 (G3): infectious bronchitis virus (IBV). GenBank 
accession numbers are AY278741, AY274119, AF304460, 

AF353511, AJ271965, D13096, AY204704, Z24675, AF220295, 
AF201929, M76373, AY078417, AF207551 and M95169, respec¬ 
tively. Optimal target sequences that discriminate the SARS-associ- 
ated pathogenic strains from the rest were identified. Numbers 
indicate the nucleotide position according to the SARS-Tor2 genome 
(GenBank accession no. AY274119). The primers and molecular 
beacon and their target sequences are highlighted in the alignments 


Results 

Thermal denaturation characteristics of molecular 
beacons 

Normalised fluorescence signals for beacon and beacon- 
target hybrids were plotted against temperature to give 
thermal denaturation profiles (Fig. 3) and to determine the 


optimal hybridisation temperature between the beacon and 
its target. The beacons alone exhibited a melting temper¬ 
ature above 60°C. In the 31-55°C temperature range, the 
probe-target hybrids elicited significantly stronger fluores¬ 
cence than the probe alone, allowing clear detection. A 
temperature of 45°C was chosen as optimal for the real¬ 
time PCR reactions. The optimal concentration for all 
beacons was found to be 10 pmol/pl. 
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Table 2 

Real-time RT-PCR results obtaind with specimens from patients displaying SARS- 

-coronavirus 

dissemination to multiple organs 


Patient a 

Type of specimen analyzed 13 

RT-PCR result 0 

S E 

M 

N 

IPC 

1 

Large intestine, small intestine, left lower lobe of lung 

+ 

+ 

+ 

+ 

+ 

2 

Right upper lobe of lung 

+ 

+ 

+ 

+ 

+ 

3 

Left lower lobe of lung 

+ 

+ 

+ 

+ 

+ 

4 

Right upper lobe of lung 

+ 

+ 

+ 

+ 

+ 

5 

Large intestine, lung 

+ 

+ 

+ 

+ 

+ 

6 

Right upper lobe of lung 

+ 

+ 

+ 

+ 

+ 

7 

Lung 

+ 

+ 

+ 

+ 

+ 

8 

Large intestine, small intestine 

+ 

+ 

+ 

+ 

+ 

9 

Lung 

+ 

+ 

+ 

+ 

+ 

10 

Right lower lobe of lung 

+ 

+ 

+ 

+ 

+ 

11 

Left lower lobe of lung 

+ 

+ 

+ 

+ 

+ 

12 

Large intestine, small intestine 

+ 

+ 

+ 

+ 

+ 

13 

Large intestine, small intestine 

+ 

+ 

+ 

+ 

+ 

14 

Small intestine 

+ 

+ 

+ 

+ 

+ 

15 

Large intestine 

+ 

+ 

+ 

+ 

+ 

16 

Large intestine 

+ 

+ 

+ 

+ 

+ 

17 

Small intestine 

+ 

+ 

+ 

+ 

+ 

18 

Heart, large intestine, small intestine, liver, 
skeletal muscle, right lung, spleen 

— 

— 

— 

— 

+ 

19 

Heart, small intestine 

— 

— 

— 

— 

+ 

20 

Heart, small intestine, skeletal muscle 

— 

— 

— 

— 

+ 

21 

Large intestine 

— 

— 

— 

— 

+ 

22 

Heart 

— 

— 

— 

— 

+ 

23 

Liver 

— 

— 

— 

— 

+ 

24 

Bronchial lavage 

— 

— 

— 

— 

+ 

25 

Bronchial lavage 

— 

— 

— 

— 

+ 


a These patients include 17 cases whose death was attributed to SARS (patient numbers 1-17) and 8 controls who died of causes other than 
SARS during the same period (patient numbers 18-25) as described in Materials and methods 

b These specimens were obtained postmortem at the time of autopsy with the exception of the two bronchial lavage samples, which were 
collected pre-mortem 

c A detectable real-time PCR amplification signal is denoted by the symbol (+) which indicates consistent C T values < 45 for all four SARS- 
CoV genes assayed in this experiment. An undetectable signal (C T values >45) is denoted by (—) and indicates the absence of template cDNA 


Real-time RT-PCR evaluation 

The assay was tested on synthetic RNA standards and 
clinical samples (Table 2). All samples were investigated 
in duplicate with duplex and multiplex assays to detect 
the IPC and the S , E , M and N genes. Positive results 
had C T values of 5-15 for lung tissue and 10-25 for 
intestinal tissue. All 50 specimens from the 17 SARS- 
CoV-infected cases were found positive for the four 
targets, indicating a detection ability of 100% (95%CI = 

81.6- 100%). The specificity was also 100% (95%CI = 

67.6- 100%), since all 21 control specimens were nega¬ 
tive (C T > 45). Non-template controls were included in 


all assays and exhibited undetectable amplification (C T > 
45). Detection of both the IPC and the SARS-CoV- 
specific genes were clear in all SARS-CoV-infected 
samples, whereas only the IPC amplification was detected 
in the controls. 

The results show that the real-time RT-PCR accurately 
detects SARS-CoV RNA and is both accurate and specific 
enough to distinguish all SARS-CoV-infected samples 
from control samples. The assay gives the same results on 
any of three different PCR platforms used (Lightcycler, 
ABI7700 and ABI7900). 

The technology described in this study is part of US 
Patent No. 7,709,188 B2, issued 4 May 2010. 
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Fig. 3 Thermal denaturation profiles of the molecular beacons. 
Thermal denaturation profiles of the molecular beacons used in this 
study as established by melting curve analysis (described in Materials 
and methods). The figure shows normalised fluorescence thermal 
transitions of molecular beacons (bottom part of plot) and beacon- 
target complexes (top part of plot) 

Discussion 

A future re-emergence of SARS-CoV is possible, since 
viruses are difficult to eradicate and are able to survive in 
intermediate hosts. A fast, accurate detection assay for 
routine diagnostic tests may be crucial if therapies are to be 


applied efficiently and effectively. Furthermore, such 
assays may be adapted for other mutating infectious agents, 
which also pose a public health hazard. 

Despite being a coronavirus by morphology [11], 
SARS-CoV strains Tor2 [13] and Urbani [21] have a dis¬ 
tant relationship to other known coronaviruses. Phyloge¬ 
netic analysis revealed regions of very low similarity 
between the SARS-CoV strains and other coronaviruses. 
These genetically distant regions have been used here for 
the design of primers and molecular beacons (Figure 2). 
The lack of a significant phylogenetic relationship between 
SARS-CoV and other coronaviruses in the S, E, M and N 
proteins has been reported previously [19]. The same study 
also demonstrated no recombinant N or S protein in the 
SARS-CoV lineage. This and the fact that they are tran¬ 
scribed in large quantities were reasons for choosing the 
N and S genes as targets. 

The existing SARS detection methodology fails to 
consider the polymorphic nature of coronaviruses and to 
account for the possibility of introductions of genetically 
non-identical strains into human populations. The present 
assay tackles this first by using multiple genetic sequences 
as targets. The reason for using four different molecular 
beacons, each targeting a different gene, is to minimise the 
likelihood of not detecting SARS-CoV due to continuous 
evolutionary changes in the virus. Also, by simultaneously 
detecting four targets with multiplex single-fluorophore 
detection, detection sensitivity is enhanced compared to the 
detection of just one target. SARS-CoV viral load is 
extremely low at disease onset, raising a major challenge 
for early detection [20]. Secondly, mismatch-tolerant 
molecular beacons have been designed to achieve a 
compromise between specificity and mismatch tolerance. 
Traditionally, targets are chosen to be perfectly comple¬ 
mentary to the probes, making binding extremely 
specific [24]. Mismatch-tolerant beacons form longer 
probe-target hybrids, allowing the duplex to contain 
mismatched base-pairs [3]. Thus, the beacons designed 
here bind only to gene regions of the selected pathogenic 
strains and at the same time could tolerate unpredicted 
base substitutions. 

The assay exhibited target detection ability and speci¬ 
ficity of 100%. The detection limit of the assay was also 
investigated by constructing standard curves using in vitro 
RNA transcripts, which were linear over a 6-log range of 
target concentrations, and the lower limit of detection was 
5 copies per reaction (data not shown). All SARS-Co V- 
infected clinical samples were positive, and all control 
samples were negative (Table 2). Low C T values were 
observed in lung samples where the SARS-CoV viral load 
has been reported to be highest amongst human organs [4]. 
Furthermore, these results support reports of viral dissem¬ 
ination in the lobes of the lung [14] and multiorgan viral 
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dissemination [4, 8]. Potential false negative results were 
avoided by including an internal positive control. 

This is the first report of a real-time RT-PCR SARS-CoV 
detection assay with molecular beacons that can tolerate 
mutations attributed to genetic drift and recombination, can 
distinguish between SARS-CoV and non-pathogenic coro- 
navirus strains and includes an internal positive control. 
This assay provides a fast and simple way to detect SARS- 
CoV in diagnostic tests, and, importantly, provides a tem¬ 
plate for fast molecular detection assays for emerging 
mutating pathogens. 
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